INTRODUCTION
Glioblastoma (GBM) is the most frequent and lethal form of primary brain cancer, with current therapy, such as surgery and radio-and/or chemotherapy, providing only palliation. Among heterogeneous GBM cells, glioma stem cells (GSCs) are operationally defined as a subpopulation that is relatively resistant to chemoand radiotherapy with prominent tumorigenic ability. Recent studies, however, have raised questions whether therapy should be aimed only toward GSCs among the various tumor cells.
Recently, a series of elegant studies in Drosophila mosaic cancer models in epithelial imaginal discs has demonstrated interclonal cooperation via cell-to-cell signals between apoptotic clones and their neighboring tumorigenic clones [1] [2] [3] [4] . In these Drosophila cancers, mosaic clones with activation of apoptosis signals and tumorigenic signals upregulated Drosophila Jun-N-terminal kinase (dJNK) (and an upstream regulator of c-JUN) [5, 6] , Drosophila Casp 9 (I. Waghmare, S. Verghese, A. Roebke et al., manuscript in preparation), and Wg (Drosophila Wnt1 homolog) (I. Waghmare, S. Verghese, A. Roebke et al., manuscript in preparation). To study these molecular signals in a system more relevant to human GBM, the Drosophila glioma model was recently established in several laboratories, including ours, using the genetic combinations known to induce competitive and/or compensatory interactions [7] [8] [9] . This model has enabled us to determine interclonal signaling events between dying cells and surviving cells in brain cancers in vivo. Furthermore, our recent published data of the patient-derived GBM models suggest that irradiation-induced apoptosis of human non-GSCs upregulates at least some of the complementary genes (c-JUN, JNK, and Wnt), in addition to the oncogenic binding partner of c-JUN, maternal embryonic leucine-zipper kinase [10] . Collectively, these mammalian and nonmammalian data indicate that intercellular cooperation between the clonal populations of the tumor cells could be an evolutionarily conserved mechanism. These studies also suggest the presence of an interclonal molecular mechanism for "tumor tissue repair" in human cancers.
Current therapies, including irradiation and chemotherapy, will subsequently fail in virtually all patients with GBM. The concept that dying cancer cells activate the proliferation of remaining cancer cells would shed light on a novel mechanism for post-treatment tumor evolution into a more therapy resistant phenotype. If this hypothesis is true and most of the cancer cells dying of therapeutic insult are non-GSCs, a paradigm shift in the field could occur, highlighted by the refined understanding of the postirradiation molecular events in non-GSCs as a potentially vital therapeutic target in GBM. In addition, this novel concept has potential effects on broad areas of cancer biology and patient care.
CLINICAL HURDLE OF GBM THERAPIES-GENERATION OF REFRACTORY TUMORS
GBM is highly aggressive and therapy resistant [11] [12] [13] . Consequently, in developed countries, including the United States, virtually all patients die of recurrent tumors and not of newly diagnosed de novo tumors. Some patients will respond relatively well to first-line chemo-and radiotherapy regimens but then do not survive subsequent recurrence owing to the lack of a therapeutic response of the recurrent tumors to the standard of care therapies. How recurrent tumors gain, or are selected for, therapy resistance remains largely unknown. Although emerging evidence indicates that therapy resistance is, at least in part, mediated by GSCs and development of effective GBM therapies appears to require effective targeting of GSCs, recent studies have raised questions whether GSCs are the only therapeutic target in GBM. For example, at least in an experimental setting, non-GSCs acquire stem cell characteristics when challenged in glucosedeprived condition [14] . This finding has led to the possibility that the elimination of existing GSCs might not be sufficient to control GBM tumors.
In the clinical setting, we often see patients with GBM returning to the clinics during, or shortly after, irradiation because of rapidly regrowing therapy-refractory tumors. The preferential upregulation of the DNA damage repair genes in GSCs has been reported as a causal mechanism for their radioresistance [10] . To extend these findings, we recently demonstrated that GSCs that have overcome a radiation insult undergo phenotypic and genetic changes into mesenchymal-like cells that are even more radioresistant [15] . We found that recurrent GBM samples tend to contain more radioresistant mesenchymal-type GSCs than naïve tumors, which might be associated with the difficulty in treating recurrent tumors. It has been convincingly proven that GSCs are one, if not the exclusive, critical therapeutic target. Nonetheless, the investigation of isolated GSCs from heterogeneous tumor cells might not be clinically and physiologically relevant, because these oncogenic stem cells are tightly supported by the tumor microenvironment composed of various cell types, including non-GSCs. However, the intercellular signals between heterogeneous tumor cells caused by therapeutic insult are largely unknown.
INTERCLONAL COOPERATION IN CANCER: LESSONS FROM DROSOPHILA CANCER MODELS
Human tumors display a large degree of genetic and phenotypic heterogeneity, partially owing to chromosomal instability in cancer cells [16, 17] . Complex signaling interactions between cancer cells and their microenvironment and the cooperation or competition between heterogeneous cancer clones contribute to tumorigenesis and malignant transformation. Given these complexities, Drosophila has proved to be an excellent, if not the perfect, model for cancer studies, not only because of its rich history as a genetic model and the conservation of genetic and cell biological processes from flies to humans, but also because of the arsenal of genetic tools and techniques available for study in flies [2, [18] [19] [20] . Similar to human cancers, Drosophila cancers can invade and breach the extracellular matrix, recruit stromal cells, and metastasize to other organs [2, [21] [22] [23] . Although the Drosophila model lacks an adaptive immune response, fibroblasts, and the other vascular cells required to study angiogenesis, the Drosophila models enable studies of very early oncogenic events that pertain to cell-cell signaling and cell-matrix interactions to track the clonal origin of cancers in vivo in a whole animal model [24] . Tracking these early molecular changes has proved challenging in vertebrate experimental models such as mice and in human clinical patients.
Improved experimental designs have allowed fly biologists to recapitulate oncogenic cooperation in flies to study the cell-tocell signaling events in tumors of "clonal" origin caused by multiple genetic alterations using the epithelial imaginal discs as a model system [2, 4, 6, 25, 26] . Studies in Drosophila revealed that pathways regulating cell proliferation and apoptosis are central to the cell-cell interactions. Surgical ablation or irradiation was used in the initial studies to test the tissue response; in both cases, the cells responded by inducing cell proliferation to restore tissue homeostasis after cytotoxic insults [27] [28] [29] [30] . Additional analysis revealed that cells undergoing apoptosis become metabolically active and release signals (mitogenic or toxic) to their microenvironment [31] that drive different intercellular behaviors. Several cell-cell interactions were identified by studying the interclonal interactions in flies (e.g., cell competition and compensatory proliferation). Cell competition is a homeostatic mechanism in which cells sense a damaged cell and eliminate it by activating cell death [32] [33] [34] . This is followed by compensatory proliferation in which the neighboring normal cells reactivate proliferation and thereby restore the tissue size [35] [36] [37] [38] in response to apoptosis of the damaged cell. Recently, the concept of "supercompetition" was recognized as another cell behavior in which mutant cells grow even more aggressively when their apoptosis has been blocked and actively eliminate normal cells [39] [40] [41] [42] . Apoptosis appears to drive the cell proliferation of surviving cells in all these interactions, and tissue homeostasis is disrupted if these phenomena are blocked. However, the molecular nature of the intercellular signal and how cell interactions contribute to oncogenic cooperation remain elusive and are an area of intensive study in flies. It is likely that most, if not all, of these cellular events are evolutionarily conserved. Assuming a few surviving human cancer cells remain after radiation therapy, it would be interesting to known how they behave adjacent to a large pool of cancer cells undergoing therapy-induced apoptosis.
ROLE OF PARACRINE SIGNALING FROM APOPTOTIC CELLS IN TUMOR GROWTH AND PROGRESSION
Some of the earliest models of interclonal cooperation were generated by overexpression of oncogenic Ras (Ras V12 ) in cells mutant for the apical-basal polarity gene scribble (scrib) in eye imaginal discs of flies [25] using a powerful technique termed mosaic analysis with a repressible cell marker (MARCM) [43] . The initial studies revealed several important characteristics of oncogenic cooperation in clonal cancers. Cells with loss of scrib were outcompeted by their neighboring cells, suggesting that the scrib mutant cells were less fit than normal clones.
Overexpression of oncogenic Ras alone resulted in mild hyperplasia without creating malignant cancers. In contrast, in the phenotype of flies carrying both, the overexpression of oncogenic Ras and scrib mutation (twin clones of Ras V12 plus scrib 2/2 ) was remarkable [25] . This genetic combination caused a dramatic growth of cells that showed increased proliferation and decreased apoptosis, mimicking human cancer lesions in terms of depicting increased mitotic rate, reduced differentiation, and increased metastatic potential. In addition, this oncogenic cooperation resulted in decreased adhesion (as seen by the downregulation of cyclin E) and degradation of basement membrane (as seen by the loss of collagenase IV), leading to formation of large eye cancers that were capable of metastasizing to other organs. Later models showed that overexpression of Ras and the loss of scrib in neighboring cells can also lead to oncogenic cooperation [1] . This combination mimics a condition in human cancers, which often show multiple genetic lesions that promote oncogenic cooperation between activated oncogenes and mutated tumor suppressor genes. These two cell populations actively cooperate via signaling interactions that promote changes in cell behaviors, leading to tumors that can metastasize. Another interesting aspect was that later during tumor growth, the interclonal tumors were comprised almost exclusively of and scrib 2/2 populations to form aggressively growing metastatic tumors.
As a downstream target of the Ras V12 and scrib 2/2 signaling axis, the JNK pathway has emerged as a key molecular player for the paracrine signal that promotes both intraclonal [6, 25] and interclonal [1] interactions [44] . JNK-mediated apoptosis is responsible for eliminating scrib 2/2 cells. In turn, expression of oncogenic Ras prevents cells from JNK-mediated apoptosis and promotes paradoxical tumor growth by activating the Fosmediated transcriptional activation of matrix metalloprotease 1 [5, 25, 45, 46] . Therefore, JNK might play context-dependent roles as both a tumor suppressor and an oncogene [47] . In its role as an oncogene, JNK activates the cytokines of the JAK-STAT pathway, and the JNK-mediated JAK-STAT signaling axis might promote oncogenic Ras-mediated tumor growth. In other scenarios (e.g., by activation of oncogenic Ras after tissue damage [1] ), JNK might activate components of the Drosophila innate immune response via activation of the tumor necrosis factor (TNF) family protein Eiger in circulating hemocytes (cells of the Drosophila immune response) [47] . These interactions resemble the effects of chronic inflammation in human cancers, in which TNF is secreted by both the tumor cells and the associated immune cells [48] . In addition, JNK interacts with the Hippo pathway through a variety of cellcell interactions, including cell competition, compensatory proliferation, and supercompetition, which form another key signaling axis promoting tumor growth [49] [50] [51] . JNK cooperates with oncogenic Ras to inactivate the Hippo pathway, leading to upregulation of its targets Unpaired (an interleukin-6 homolog) and Wingless (a Wnt homolog) [52] (I. Waghmare, S. Verghese, A. Roebke et al., manuscript in preparation). The apoptosis caused by radiation also involves activation of JNK-mediated Hippo inactivation, leading to compensatory responses. Thus, tumor ; repo-Gal4 UASGFP/1 (E, F). All samples were stained for antibody against the glial-specific marker Repo (red). The samples in (A, B, D, E) show the surface view, and (C, F) show the medial view through the dorsal lobe of the brain. The glioma in (B, C) were generated using the MARCM approach, resulting in positively marked clones (green fluorescent protein expressing) of glial cells that are mutant for the tumor suppressor gene scribble and simultaneously overexpress oncogenic Ras. The glioma in (E, F) were induced by misexpression of oncogenic Ras and Akt in the glial cells using repoGal4. Note that both approaches cause overrepresentation of the glial cells specifically and cause overgrowth in the dorsal brain lobes compared with the normal wild-type controls. All images were scanned at identical magnification. Magnification, 340. Abbreviation: MARCM, mosaic analysis with a repressible cell marker. cells appear to co-opt mechanisms previously described for tissue remodeling, regeneration, and wound healing-other contexts in which cell proliferation is reactivated in response to paracrine signaling from cells undergoing apoptosis. Overall, the Drosophila cancer models recapitulate important cell-cell signaling interactions in the clonal tumors and have proved very informative for studying pathways involved in cancer growth and progression. These initial findings obtained from the Drosophila cancer models must be carefully validated in mammalian cancer models and clinical tumor samples.
OTHER PATHWAYS IN DROSOPHILA TUMORIGENESIS
In addition to activated Ras and loss of apical-basal polarity genes such as scrib, many other pathways, including lethal giant larva and discs large, have been studied for their role in tumorigenesis and metastasis in Drosophila. Prominent among these is the study of invasive growth caused by the Notch pathway. Similar to oncogenic Ras, Notch signaling can synergize with JNK to promote tumorigenesis and invasive behavior in Drosophila eye and wing cancer models [6, 53] . Recent studies have suggested that epigenetic silencing (Polycomb group silencers) mechanisms could play a role in activated Notch mediated tumorigenesis [54] . Similarly, several components of the endosomal or endocytic sorting machinery are known to cause metastatic eye cancers in flies in a context-dependent manner through upregulation of Notch, JNK, JAK-STAT, and Yorkie activity [55] [56] [57] . The proliferative effects of oncogenic cooperation could be limited to the mutant cells (cell autonomous) or affect the normal cells adjacent to the mutant cells (non-cell autonomous) [58] . Mitochondrial dysfunction was recently shown to cooperate with oncogenic Ras to cause nonautonomous cancers. In this phenomenon, mitochondrial dysfunction induces apoptosis in cells that then signal to the neighboring cells, which form cancers that overproliferate and show invasive properties [58] . Drosophila cancer models have also been developed to study specific pathways (e.g., Notch, Wnt/Wg pathway) involved in the maintenance of adult stem cells [59] [60] [61] . The stem cell niches and their interactions with neighboring mitotic cells is well studied in flies for adult stem cells (e.g., follicle stem cells in the ovaries, neural stem cells in the brain) [59] [60] [61] . Other cancer models studied in Drosophila larvae include Drosophila cancers generated in the larval central nervous system that cause glioma by the expansion of glial cells from overexpression of endothelial growth factor receptor (EGFR)-Ras, PI3K, and other tyrosine kinase receptors (e.g., EGFR, plateletderived growth factor receptor, fibroblast growth factor receptor) [9, 62] or neoplastic brain tumors due to an increase in the population of neuroblasts resulting from the defects in asymmetric cell division by the loss of tumor suppressor genes such as lethal (3) malignant brain tumor (l(3)mbt), brain tumor (brat), scrib, prospero (pros) [63] .
COMPENSATORY PROLIFERATION OF SURVIVING CANCER CELLS INDUCED BY DYING CANCER CELLS-CAUSAL FOR REPOPULATION OF CANCER CELLS AT RECURRENCE?
The molecular mechanisms that induce intercellular signals leading to compensatory proliferation remain elusive. Nonetheless, taking advantage of several genetic mosaic models in Drosophila, the nature of some signals underlying these interactions is beginning to emerge [4, 19, 20] . In general, apoptotic clones are unable to induce effector caspases (termed "undead cells") and continue to secrete proliferation signals (e.g., morphogens such as Wingless, transforming growth factor-b, or Hedgehog) to the neighboring oncogenic clones. Recent studies, including our own, have suggested that the JNK pathway might promote aggressive proliferation of cells within tumors via compensatory mechanisms [1, 5, 36, 45, 51-53, 64, 65] .
An emerging area of research is to investigate whether human cancers show similar compensatory type signaling interactions. Recently, a correlative study to these Drosophila studies was published indicating the presence of intercellular cooperation in human cancer cells. In that study, Huang et al. presented several interesting pieces of evidence that surviving human breast cancer cells xenografted in the leg of nude mice receive proliferation signals from irradiated breast cancer cells and thereby undergo repopulation of the tumor cells [66] . Collectively, from the results of these Drosophila and human studies, it is tempting to speculate that intercellular signaling between heterogeneous tumor cells (or with neighboring nontumor cells) in brain tumors might coopt the tissue "repair" mechanisms in response to therapeutic insult [67, 68] . Furthermore, taking the cancer stem cell theory into account, we speculate that dying non-cancer stem cells drive compensatory proliferation of cancer stem cells, which is a reason, at least in part, for the aggressiveness of recurrent brain tumors. It is important to elucidate the evolutionarily conserved molecular mechanisms for intercellular interaction to facilitate tumor cell survival, proliferation, and therapy resistance.
LIMITATION IN THE CURRENT UNDERSTANDING-DROSOPHILA AND HUMAN
For innovative genome-wide genetic screens, Drosophila has proved a useful model organism for the identification of cancer-related genes in vivo, evidenced by the first identification of the pathways highly implicated in human cancers, such as the Hippo pathway, Notch pathway, Hedgehog, and JAK-STAT in flies [21, [69] [70] [71] . Another strength of the Drosophila models is the mosaic models with which we can investigate the interactions of multiple clones side-by-side with distinct mutations of oncogenes and tumor suppressor genes in situ that induce tumorigenesis [4, 26, 72] . However, similar to other model systems, the Drosophila models also have limitations. Obvious differences exist between the physiologic and immune systems of flies and humans. For example, the metabolic changes in cancer cells (e.g., glycolysis, glutaminolysis, and lipid metabolism) that affect the behavior of cancer cells cannot be directly compared between the two models. Drosophila lacks an adaptive immune response; however, the cellular and humoral aspects of the innate immune response are conserved in flies [18] . Flies have an open circulatory system; therefore, angiogenesis cannot be modeled in flies. Also, histopathology, is a guiding force for staging and grading tumors, cannot be compared between Drosophila and humans. Another limitation includes investigation of the metastatic behavior of secondary tumors in Drosophila tumor models.
CONCLUSION
Recent advances in genetic tools available in Drosophila have just started to allow us to generate complex Drosophila tumor models (e.g., colorectal cancer model to study tumor progression [73] , an intestinal stem cell tumor model to study paradoxical signaling between stem cells and neighboring cells [74] , and human brain tumor models, including glioma [7, 62] ). Overexpression of PI3K and oncogenic Ras (or scrib mutant cells overexpressing oncogenic Ras) specifically in glial cells using the repo-GAL4 in larval brains is sufficient to cause overproliferation of glial cells, leading to overgrowth of the brain lobes (Fig. 1) . Furthermore, by combining the repo-GAL4 system with mosaic techniques, it is now possible to generate a glioma model to study interclonal cooperation between dying cells and their neighboring oncogenic cells (Fig. 2) . These models will lead us to investigate the paradoxical in vivo signals from apoptotic cells that likely influence the behavior of neighboring surviving cancer cells and the interactions between heterogeneous populations of tumors (Fig. 3) . Live imaging of Drosophila brain cells, including cancer cells by green fluorescent protein labeling, will further deepen our understanding of cell-tocell signaling and cell-matrix interactions. In addition, this system is amenable to a variety of genetic screens and drug testing to identify novel anticancer chemotherapeutic agents or pharmacological compounds that either affect the cell-cell signals or inhibit the growth of human cancers. We can then translate this knowledge into the development of novel and effective cancer therapeutic agents. Successful achievement of the ongoing research will likely elucidate cancer stem/non-stem cell-specific signaling crosstalk. Eventually, these studies will lead to the identification of novel mechanisms for therapy resistance in cancers, one of the major hurdles for patients whose disease has failed to respond to current therapies and subsequently die of this devastating disease.
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